Bacterial surfaces are structurally complex, with several components constituting the bacterial cell envelope. In gramnegative bacteria, the envelope is made up of two lipid bilayer membranes: (i) the plasmic membrane, delimiting the inner part of the cell from the external one, and (ii) the outer membrane (OM), the most external membrane. Between these two layers, a thin and strong polymer, murein, or peptidoglycan layer is embedded in a concentrated gel-like matrix, the periplasmic space. The OM contains two types of lipids, lipopolysaccharide (LPS) and phospholipids, as well as a number of characteristic proteins. The LPS is composed of three parts: (i) the lipid A region that anchors the LPS to the OM; (ii) the distal, hydrophilic, O-antigen polysaccharide region that protrudes into the extracellular medium; and (iii) the core oligosaccharide region that connects the two (17) . In addition, bacterial cell surfaces can also be studded or covered by extracellular polymeric substances (29) or some specific external structures (pili or fimbriae and flagella) (5) .
As the outer surface of the OM directly interacts with the extracellular environment of the bacterial cell, characterizing such surfaces can provide crucial information for understanding processes such as bacterial adhesion, surface recognition, bio-mineralization, and others. As cell surface components are suspected of being very tenuous and sensitive to chemical treatment, cell surface ultrastructure components have been characterized by electron microscopy using a freeze substitution preparation. Such experiments have revealed new features of the cell surfaces, such as the external fringe that had not previously been observed using conventional methods (4). However, cell surfaces are also suspected of being sensitive to dehydration. For this reason, spatially resolved in situ direct observation of the organism in aqueous solutions would represent a significant advance, as a local characterization of the structural properties of bacterium-water interfaces lead to a generalized physicochemical understanding of bacterium-mediated mechanisms implied in many environmental processes.
Although atomic force microscopy (AFM) was originally introduced as a high-resolution imaging device, it can also be used to interact forces exerted on a cantilever in aqueous solutions. Many reviews about the theoretical and experimental backgrounds of such methods have been published and illustrate the numerous parameters that can be measured using force spectroscopy (e.g., references 9 and 12). The investigation of biological cells by AFM provides fundamental insights regarding long-range surface interactions and mechanical properties of cell surfaces from the interaction forces between the AFM probe (classical or modified tip, bacterial probe) and such surfaces (1, 3, 6, 8, 14, 16, 24, 26, 27, 30, 31) .
Despite the numerous studies devoted to the microscopic quantification of force curves, the dynamic of the cell envelope in aqueous media is still difficult to elucidate. In this context, the above-described studies were aimed at describing the effects of pH on surface properties of Shewanella putrefaciens, probing in situ the AFM force curves on a nanometer scale. This model bacterium is a gram-negative facultative anaerobe and is considered to be one of the most efficient and versatile dissimilatory metal-reducing microorganisms (15) . A great deal of research has focused on the ability of microorganisms like Shewanella to reductively transform iron oxyhydroxides (7, 11, 18, 21) . However, few studies have been conducted on the physicochemical surface properties of Shewanella cells to help understand mechanisms at bacterium-aqueous-solution interfaces (7). Therefore, this paper compares force curves of S. putrefaciens at two pH values (4 and 10) through the natural adsorption of cells onto flat and noncoated inert polystyrene substrates. In order to closely preserve as much as possible the ultrastructures of the bacterial complex surfaces, the immobilization of bacteria was successfully carried out after the incubation stage under controlled physicochemical conditions to achieve bacterial adhesion. Yet, rod-shaped bacteria were im-mobilized on polymer-coated substrates that may promote structural rearrangements in the bacterial cell surface structure (25) . However, the choice of such extreme pH values, of acidic versus basic media, was initially motivated to assess the repercussions of pH stress on bacterial surface properties (and not on physiological activity) usually addressed in macroscopic surface charge measurements, such as potentiometric titrations or electrophoretic mobility measurements. Nevertheless, the extrapolation of surface properties analyzed from immobilized bacteria to planktonic cells might be considered with caution.
The reference strain Shewanella putrefaciens CIP 8040 (Collection Institut Pasteur, Paris, France) corresponding to ATCC 80.71 was primarily isolated from the surface of tinted butter (28) . Cells were aerobically grown on a solid medium (plate count agar; BioMérieux 51019) for a 48-h incubation period at 30°C. Nutritive broth (100 ml of Trypticase soy broth; BioMérieux 51072) was seeded with a 5-ml bacterial suspension (absorbance ϭ 0.500 Ϯ 0.025; ϭ 600 nm). These precultures were stopped after 7 h, at the end of the middle of the exponential growth phase. Cultures were then grown out in 1.5-liter batch reactors initiated with 10 ml of the preculture at an optical density of 0.25 Ϯ 0.10 at 600 nm. The 1-liter cultures were mixed at 150 rpm and 30 Ϯ 0.5°C. The cells were harvested after 24 h of growth by centrifugation (10 min at 10,000 ϫ g). Two washes were performed with KNO 3 solution (10 Ϫ3 M, pH 7) by centrifugation at 10,000 ϫ g for 10 min. The washed cell pellets were then dispersed in a solution at a given pH in KNO 3 (0.1 M) and incubated at 20 Ϯ 2°C in a polystyrene dish (30-mm diameter, reference no. 306; Caubere Inc., France) overnight (14 h). Since bacterial adhesion increases as a function of time and regardless of a pH range between 3 and 11, the choice of 14 h was a good compromise for sufficient adhesion and a suitable time from a practical point of view. The aqueous phase was then removed and the dishes washed three times with KNO 3 solution by gently shaking the disk manually and by a distilled water trickle to detach weakly fixed bacteria.
Force curves were obtained at room temperature, using a commercial microscope (Thermomicroscope Explorer EcuPlus; Veeco Instruments). A single commercially available Vshaped silicon nitride tip (reference no. MLCT-EXMT-BF; Veeco Instruments) with a quoted probe curvature radius of ϳ50 nm (manufacturer specifications) and a measured spring constant of 0.01% Ϯ 10% N/m (23) was used for all force measurements. Force measurements were taken in potassium nitrate solution at a fixed ionic strength of 0.1 M and at pH 4 or 10 at the rate of 0.1 m · s Ϫ1 . Raw cantilever deflectionpiezo displacement curves were converted into force curves by using the cantilever spring constant and detector response (10) . The zero relative piezo displacement was arbitrarily positioned to the lift-off from zero deflection on the approach curve. At least 100 curves recorded randomly from 10 bacteria were then averaged and standard deviations calculated.
The bacterial spring constant, k B , was determined (i) either from the slope of the linear portion of the force-piezo displacement curves, using the formula (27, 31) 
where k c is the cantilever spring constant and s is the negative slope, or (ii) from indentation curves using equation 2. This equation describing the complete indentation curve combines the Hertzian model and Hooke's law to reproduce the nonlinear and linear force behaviors and gives the following relation between the loading force, F, and the indentation depth, ␦,
where ␣ is the cone opening angle, E is the elastic or Young's modulus, is Poisson's ratio, and A is a constant. Notice that the Hertzian model is widely used to describe the elastic response of biological cells indented by an AFM tip (19, 24) . The force measurements on S. putrefaciens cells at the two different pH values are shown in Fig. 1 . In these curves, the loading force is plotted as a function of relative piezo displacements. This distance was set at zero, which theoretically corresponds to the contact point between tip and surface, at liftoff from zero deflection on the approach curve. This assumption implies negligible long-range surface forces. Under our experimental conditions, the high ionic strength (0.1 M) decreases commensurately the electrostatic contributions of surface charges. In fact, complementary electrophoresis experiments of bacterial suspensions under the two pH conditions employed here demonstrated low surface charges and no significant pH dependence (zeta potential Ͻ Ϫ20 mV). Moreover, the retraction curves showed no adhesion between tip and bacteria, indicating the absence of large fibrous polymers on the bacterial surfaces (not shown).
Thus, the force curves, recorded at different pH values (Fig.  1) , essentially may correspond to nano-indentation of the AFM tips into bacterial envelopes. Independent of pH, such curves exhibit two common features, specifically, a nonlinear domain at low loading forces (Ͻ0.5 nN) and a practically linear domain at high loading forces (Ͼ0.5 nN). The increase in pH significantly changes the nanometric range of these two mechanical regimens, while the loading forces that correspond to the transition between the two regimens were similar for the two pH values: 0.58 nN (pH 4.0) and 0.54 nN (pH 10.0). This suggests that the mechanical transition between the two regimens is probably associated with the same structural compression features. To extract mechanical properties, the local spring constant of bacteria was determined from the slope of the linear portion of force curves using equation 3) theoretically demonstrated that the spring constant of bacteria increases with its turgor pressure. The mechanical behavior of bacteria under high loading forces, typically 0.5 nN, could then be correlated with their turgor pressure from the spring constant. Therefore, the increase in the calculated bacterial spring constants at higher pHs suggests that the turgor pressure is about two times higher at pH 4 than at pH 10.
Notice that such measurement of the bacterial spring con- stant considers the two mechanical regimens as two independent processes, and the eventual contribution of the nonlinear regimen to the linear part is not taken into account. In order to improve this description, force curves were converted into nano-indentation curves from the difference at constant force loading between respective piezo displacement forces measured on a stiff surface and on the deformable bacterial surface, (for details, see references 20 and 24). 5 nN) . Thus, such fits on the whole indentation curves allowed us to quantify the nanomechanical properties of the two regimens but also their ranges. In fact, the onset of the linear contribution to the loading force could be considered a specific distance in relation to the structural features of the bacterial envelope. These distances were estimated in Fig. 2 close to 60 nm (pH 4) and 155 nm (pH 10). Such a significant increase in the nanometric range by raising the pH was also clearly observed using the first approach (linear portion of force curves) (Fig. 1) . In this case, the contribution of the cantilever deflection to the distance that corresponded to the piezo displacement has to be subtracted from values measured on force curves. Such calculation yielded to 62 nm (pH 4) and 136 nm (pH 10) (Fig. 1) . Interestingly, both fitting approaches provided similar nanometric ranges for the transition between the two regimens at the two pH values, while the bacterial spring constants were largely overestimated using the slope of force curves (equation 1) mainly due to the added contribution of nonlinear behavior.
With respect to the structure of the surface layers of gramnegative bacteria, these two mechanical regimens could be correlated to the ultrastructure of the bacterial envelope. As previously demonstrated in the literature (2, 3) , the linear regimen is induced by progressive compression of the plasmic membrane, maintained by bacterial turgor pressure. Concerning the nonlinear regimen, the mechanical deformation is thus associated to the progressive compression of the cell wall structure. Therefore, this interpretation indicates that the thickness of the cell wall increased from ϳ60 nm to ϳ140 nm and softened up as the pH rose from 4 to 10. It is important to point out that if we considered the nonnegligible contribution of the bacterial turgor pressure to the nonlinear regimen, the differences in thickness should be accentuated due to higher bacterial turgor pressure at pH 4 compared to that at pH 10. The constant transition loading force (ϳ0.5 nN) observed for the two pH values is in favor of a negligible contribution because, otherwise, such a value should be dependent on the pH also. As the retraction curves did not present characteristic negative adhesion signatures of polymeric brush chains as observed previously (8, 22) , a change of LPS conformations due to intermolecular repulsive electrostatic forces could not be related to the increase in thickness of the cell wall. In fact, previous investigations of several Shewanella species demonstrated the presence of polymeric fringe structures ranging from 20 to 130 nm in thickness depending on the species (13). Thus, the nonlinear behavior observed on force curves could be interpreted in terms of the presence of such a specific polymeric structure. In this case, the increase in the nanometric range was probably associated with the swelling of polymeric fringe. An alternative and/or complementary explanation could also be an increase of the periplasmic thickness. The relevant aspects of the evolution of the cell envelope in response to changes in pH are schematically illustrated in Fig. 3 .
However, both proposed mechanisms to explain the increase in the thickness of the cell wall by raising pH should imply water mobility either from (i) the external media to the polymeric fringe due to higher intermolecular repulsive forces (increasing void spaces) and/or (ii) the cytoplasmic to the periplasmic space caused by higher electrostatic repulsive forces between the inner part of the outer membrane and the outer part of the cytoplasmic membrane.
In summary, the results of this study suggest that AFM force curves can be used to probe the influence of environmental parameters, such as pH, on the mechanical surface properties of bacteria at a nanometric scale. The different mechanical regimens identified on average force curves demonstrated that the external layers of the bacteria contribute mainly to nonlinear forces and that the turgor pressure of the cytoplasm corresponds to linear forces. 
